The exceptional power scalability of Yb lasers has enabled the development of pulsed optical parametric amplifiers (OPA's) operating at the short-wave edge of the mid-IR (MIR) with average powers beyond 10 W simultaneously providing peak powers in excess of 1 GW. Further wavelength extension into the longer-wave MIR is enabled by novel wide-bandgap non-oxide nonlinear crystals that can be pumped directly at 1 µm without detrimental one-and twophoton absorption of pump radiation. Eliminating the usual difference frequency generation step in producing MIR pulses above 5 μm could potentially increase the conversion efficiency of parametric down-conversion devices and enable a significant boost in the attainable average and peak power. Despite their utmost importance, material properties related to ultrafast laser-induced damage in nonlinear crystals are rarely investigated in the corresponding laser parameter range. In order to help unravel the complicated interplay of photorefractive effects, thermal lensing, and selffocusing/defocusing affecting the beam quality and catastrophic breakdown threshold in MIR OPA's, we present the nonlinear index of refraction at 1 µm of KTiOAsO4, LiGaS2, and BaGa4S7. The reported data provide crucial design parameters for the development of high-average-power MIR OPA's. As examples, (i) a 100-kHz, 1.55/3.1 µm dual-beam OPA delivering multi-GW peak power in each beam and a total average power of 55 W and (ii) a 100-kHz, sub-100-fs, 1-µm-pumped OPA tunable in the 5.7-10.5-µm range are briefly presented.
INTRODUCTION
Technologically mature, diode-pumped picosecond and sub-picosecond Yb lasers are gradually replacing Ti:sapphire laser systems and becoming the main workhorses behind applications requiring simultaneously high peak and average power. The rapidly expanding field of strong-field spectroscopy and table-top secondary source development utilizing high-harmonic generation can greatly benefit from frequency down-conversion of the output of Yb lasers to ultrashort short-wave and mid-wave infrared (MIR, 3-30 µm) pulses. A well-established route to efficient frequency downconversion that also supports few-cycle pulse durations employs optical parametric amplifiers (OPA's) based on nonlinear optical crystals. Despite their utmost importance, properties of nonlinear optical crystals affecting ultrafast laser-induced damage at repetition rates above a few kHz are rarely considered in the OPA design or investigated. Depending on the choice of crystal, such material properties include two-photon absorption coefficients at the ~1.0-µm pump wavelength, green and blue light induced infrared absorption, insufficient heat conductivity resulting in a temperature gradient due to residual single-photon and two-photon absorption of the pump laser beam and/or optical single-or multi-phonon absorption of the infrared signal/idler beams, susceptibility to photorefractive damage, and the anisotropic nonlinear refractive index leading to self-and cross-phase modulation.
*mero@mbi-berlin.de, § heinerzs@hu-berlin.de For OPA's operating up to ~4 µm, various wide-bandgap oxide nonlinear optical crystals are available commercially with aperture sizes well above 1 cm that can be pumped by ultrashort 1-µm pump lasers with negligible two-photon absorption and high damage threshold: LiNbO3, KNbO3, and KTiOAsO4 (KTA). Compared to LiNbO3 and KNbO3, KTA is a superior nonlinear optical material regarding resistance to laser-induced damage, photodarkening, photorefractive effects, and OH absorption at ~2.8 µm. [1] [2] [3] [4] As oxide crystals exhibit strong multi-phonon absorption above 5 µm, one typically employs an OPA-DFG (difference frequency generation) cascade to reach this wavelength range, where the OPA utilizes oxide crystals and the DFG stage is based on a narrow-bandgap non-oxide semiconductor crystal. Such crystals include AgGaSe2 or GaSe, which exhibit high nonlinear coefficients, but cannot be pumped by ≲ 1.5-ps, ~1-µm pulses without inducing two-photon absorption or damage. The overall pump-to-MIR energy conversion efficiency of such a cascade is < 0.5% at a center wavelength of ~8 µm. Removal of the DFG step can potentially increase the conversion efficiency. However, there are only a limited number of non-oxide crystals that are both highly transparent at wavelengths above 5 µm and have sufficiently large damage threshold and bandgap. LiGaS2 (LGS) and BaGa4S7 (BGS) are relatively new, promising non-oxide crystals 5,6 that can potentially satisfy the aforementioned requirements of high-average-power, 1-µm-pumped MIR OPA's in the 5-9 µm range albeit at much lower figures of merit compared to the narrow-bandgap alternatives, in particular the commercially available AgGaS2 which shows a similar transmission range.
In Refs. 7, 8 , we reported the catastrophic breakdown threshold induced by ≤ 1.3-ps, 1-µm laser pulses of various blank and periodically-poled LiNbO3 and blank Rb-doped KTiOPO4 (RKTP) crystals as a function of laser repetition rate and pulse duration. As the damage threshold intensity increases with decreasing pulse duration, self-focusing effects become more noticeable complicating the extraction of the intrinsic damage threshold even at a crystal thickness of only 2 mm. In addition, onset of photorefractive processes for both materials occurs well below the catastrophic breakdown threshold. As a first step in unraveling the interplay of the various processes, information on the nonlinear refractive index, n2, is needed. Thermal lensing 9 and cascaded  ()   () processes 10 can contribute to the effective n2, which is an important parameter from the perspective of OPA development. Therefore, measurement of the nonlinear refractive index at the relevant OPA crystal-cut and laser polarization is required ideally as a function of laser repetition rate. The n2 value of KTA was reported only for z-cut samples 11 at a wavelength and repetition rate of 780 nm and 76 MHz, respectively. Experimental data on the nonlinear refractive index of LGS and BGS have not been published yet.
Here, we report the results of z-scan measurements of the effective nonlinear refractive index of KTA, LGS, and BGS crystals cut for mid-infrared optical parametric amplification at a pump wavelength of 1 µm. In addition, we briefly describe the 100-kHz MIR OPA systems, where the results of the n2 measurements were included in the design.
METHODS

Samples
In order to benchmark our z-scan measurements, we chose sample materials with well-known n2 values: L = 1-mm-long uncoated fused silica and ZnSe (polycrystalline) windows.
The KTA sample was an anti-reflection coated, 4-mm-long crystal cut at  = 42 o ,  = 0 o for type II optical parametric amplification in the XZ plane at extraordinary 1.55-µm signal polarization.
The LGS sample was an uncoated, 5-mm-long crystal cut at  = 48.2 o ,  = 0 o for type I optical parametric amplification in the XZ plane.
The BGS samples were uncoated, 4.8-mm-long crystals with unknown orientation. Based on conoscopic measurements, the crystals were either X-or Z-cut samples.
All three crystals are orthorhombic (mm2 point group) and XYZ designate the dielectric frame according to nX<nY<nZ. The scheme of our z-scan setup is shown in Fig. 1 . We employed a commercial Yb laser delivering 1.03-µm, 60-µJ, 180fs pulses at an adjustable repetition rate up to 100 kHz. The temporal profile of the pulses was characterized using second-harmonic generation frequency resolved optical gating. The retrieved temporal profile was included in the model equation of the z-scan traces. The pulses were focused on the sample by an f = 500 mm singlet lens to a beam waist radius of w0 = 65 µm. The M 2 values in the horizontal and vertical planes were measured to be ≤ 1.1 at negligible astigmatism using a commercial beam quality characterization system. We conducted z-scans at repetition rates of (i) 100 Hz where thermo-optic effects were expected to be negligible and (ii) 100 kHz, which was the target repetition rate in our two < 4-µm and > 5-µm MIR OPA designs. Instead of using photodiodes, we employed a camera to record the far-field profile of the beam that was transmitted through the sample and extracted the open-aperture and closed-aperture traces by analyzing the images. The closed-aperture transmittance (T) traces were fitted using the equation valid in the thin-sample limit, 12
Z-scan measurement
where x = z/z0 is the normalized translation position, z0 is the Rayleigh range, and 0 is the time-averaged phase change. We determined the n2 values by either obtaining a fit value for 0 based on Eq. (1) or using the expression relating it to the difference between the normalized peak and valley transmittance,
valid for small phase shifts. 12 Here S denotes the linear aperture transmission. The corresponding extracted nonlinear refractive indices are denominated as either n2(fit) or n2(Tv-p), respectively. The relationship between the time-averaged phase shift and the nonlinear index of refraction reads,
where  is the center wavelength, p is the pulse duration at full width at half maximum, Eint is the pulse energy inside the material, and Leff  L (sample length) at negligible linear absorption. The numerical factor 0.39 was obtained by taking the actual temporal profile into account. Figure 2 . Closed-aperture z-scan traces of the fused silica (left) and ZnSe (right) samples, recorded at a laser repetition rate of 100 Hz and at peak on-axis intensities of 120 GW/cm 2 and 15 GW/cm 2 , respectively.
RESULTS
Nonlinear refractive index of reference samples
We obtained n2 = 2.3×10 -16 cm 2 /W and 2.2×10 -14 cm 2 /W for fused silica and ZnSe, respectively (cf. Fig. 2 ), in close agreement with the literature. 13, 14 
Nonlinear refractive index of KTA
In Ref. 11 , the nonlinear refractive index of KTA was measured only for Z-cut samples and at a very high repetition rate (i.e., 76 MHz) yielding a value n2 = 1.7×10 -15 cm 2 /W. In order to cross-check possible thermo-optic,  ()   () , and photorefractive effects, we recorded z-scan traces both at 100 Hz and 100 kHz for a crystal cut for MIR optical parametric amplification. Figure 3 shows the results obtained at 100 Hz for laser polarization in the XZ plane and parallel to the Y axis. We obtained n2  1.5×10 -15 cm 2 /W equal within error bars for both laser polarizations. The extracted values were approximately constant in the peak intensity range of 15-60 GW/cm 2 (cf. Fig. 4 ). At 100 kHz and peak intensities above 60 GW/cm 2 , we observed diffraction effects, possibly due to photorefractive damage, that distorted the z-scan traces and resulted in strong scattering in a large solid angle. With the laser beam blocked, the beam recovered within seconds to the original, undistorted profile. The right panel of Fig. 4 demonstrates the onset of photorefractive effects by showing the transmitted far-field (i.e., z >> z0) beam profiles at different peak intensities and repetition rates at the sample translation position corresponding to the minimum in the closed-aperture transmittance traces. . Left: n2 values extracted from closed-aperture z-scan traces of the KTA samples, recorded with laser polarization in the XZ plane at different peak intensities at 100 Hz. The error bar at 15 GW/cm 2 is the standard deviation of fit values obtained for three z-scan data sets. Right: transmitted far-field beam profiles at different peak intensities and repetition rates at the sample translation position corresponding to the minimum in the closed-aperture transmittance traces. Figure 5 . Closed-aperture z-scan traces of the LGS sample at a laser polarization in the XZ-plane (left) and parallel to the Yaxis (right). The peak intensity and the repetition rate were 8.0 GW/cm 2 and 100 Hz, respectively. The different colors mean different z-scan measurement runs. Figure 5 shows the z-scan traces we obtained for LGS for two orthogonal laser polarizations at a repetition rate of 100 Hz and a peak, on-axis intensity of 8.0 GW/cm 2 . We obtained n2 ≈ 4.1×10 -15 cm 2 /W, which was only very weakly dependent on laser polarization. The nonlinear refractive index did not change when increasing the repetition rate from 100 Hz to 100 kHz and keeping the peak intensity constant at 8.0 GW/cm 2 (cf. Fig. 6 ). Figure 6 . Closed-aperture z-scan traces of the LGS sample at a laser polarization in the XZ-plane. The peak intensity and the repetition rate were 8.0 GW/cm 2 and 100 kHz, respectively. The different colors mean different z-scan measurement runs.
Nonlinear refractive index of LGS
Nonlinear refractive index of BGS
The left panel in Fig. 7 shows the z-scan traces we obtained for BGS for two orthogonal laser polarizations at a repetition rate of 100 Hz and a peak, on-axis intensity of 8.0 GW/cm 2 . We obtained n2 ≈ 7.6×10 -15 cm 2 /W and 8.3×10 -15 cm 2 /W, depending on laser polarization. The weak polarization dependence was reproducible from day to day. The nonlinear refractive index did not change when increasing the repetition rate from 100 Hz to 100 kHz and keeping the peak intensity constant at 8.0 GW/cm 2 (cf. Fig. 6 ). Bulk KNbO3-based and LiNbO3-based power OPA's were shown to deliver 19 W of average power at 160 kHz in 97 fs pulses 15 and 15 W of average power in 42 fs pulses 16 at 3.25 and 3.1 µm, respectively. Based on our tests on a smallscale 100-kHz, 1.5/3.2-µm OPA system, we found that KTA booster amplifiers vastly outperform periodically-poled LiNbO3-based OPA's even at low average powers. 17 Therefore, KTA was chosen for the high-power booster amplifiers at the Max Born Institute. Figure 8 displays the architecture of our dual-beam, high-average-power OPA delivering a total average power of 55 W at 1.55 and 3.1 µm at a repetition rate of 100 kHz. 18 The second and third booster OPA's are based on a 4 and a 2-mm-long KTA crystal, both pumped at a peak intensity of 70 GW/cm 2 . The OPA design took into account the nonlinear refractive index of KTA and thermal lensing supplied by our z-scan studies. The choice of pump peak intensities and wavefront curvatures ensures stable long-term operation with high beam quality of both infrared output beams. 18
High-repetition-rate OPA system based on LGS
Aided by our z-scan studies, a pump intensity of 45 GW/cm 2 at an appropriately diverging wavefront was chosen for the 180-fs, 1.03-µm, 100-kHz pump pulse train to ensure long-term-stable operation. We obtained the first sub-100-fs pulses near 8 µm from a 1-µm-pumped LGS OPA, corresponding to sub-4 optical cycles. The overall pump-to-8-µm energy conversion efficiency of our OPA exceeded that of OPA-DFG-based schemes by a more than a factor of 3. The LGS crystal showed no sign of deterioration over extended periods of time and the OPA was successfully integrated in the first 100-kHz vibrational sum-frequency generation spectrometer covering the 5.7-10.5-µm spectral range in the chemically important molecular fingerprint region. 19 
CONCLUSIONS
When pumped at repetition rates >> 10 kHz and pulse durations ≤ 1 ps, intrinsic catastrophic laser-induced breakdown thresholds of OPA crystals are difficult to extract. Thermal lensing, non-permanent photorefractive damage, n2 effects, and strong-field electronic excitation mechanisms act simultaneously. Therefore, the measured incident damage threshold values are only extrinsic values dependent on wavefront curvature, sample length, pulse duration, and beam size. Importantly, catastrophic breakdown is preceded by photorefractive, thermal, and n2 effects, which all tend to deteriorate OPA performance. As a result, OPA's in the above pulse parameter range are expected to operate well below the catastrophic breakdown threshold; at a pump intensity level, where thermo-optic and Kerr-lensing effects need to be taken into account in the OPA design. We presented effective n2 values of KTA and two novel, wide-gap non-oxide crystals, LiGaS2 and BaGa4S7, the latter of which holds great promise for power-scalable OPA's in the 5-9 µm spectral range.
